Laser interstitial thermal therapy (LITT) has recently shown great promise as a treatment strategy for localized, focal, low-grade, organ-confined prostate cancer (CaP). Additionally, LITT is compatible with multi-parametric magnetic resonance imaging (MP-MRI) which in turn enables (1) high resolution, accurate localization of ablation zones on in vivo MP-MRI prior to LITT, and (2) real-time monitoring of temperature changes in vivo via MR thermometry during LITT. In spite of rapidly increasing interest in the use of LITT for treating low grade, focal CaP, very little is known about treatment-related changes following LITT. There is thus a clear need for studying post-LITT changes via MP-MRI and consequently to attempt to (1) quantitatively identify MP-MRI markers predictive of favorable treatment response and longer term patient outcome, and (2) identify which MP-MRI markers are most sensitive to post-LITT changes in the prostate. In this work, we present the first attempt at examining focal treatment-related changes on a per-voxel basis (high resolution) via quantitative evaluation of MR parameters pre-and post-LITT. A retrospective cohort of MP-MRI data comprising both pre-and post-LITT T2-weighted (T2w) and diffusion-weighted (DWI) acquisitions was considered, where DWI MRI yielded an Apparent Diffusion Co-efficient (ADC) map. A spatially constrained affine registration scheme was implemented to first bring T2w and ADC images into alignment within each of the pre-and post-LITT acquisitions, following which the pre-and post-LITT acquisitions were aligned. Pre-and post-LITT MR parameters (T2w intensity, ADC value) were then standardized to a uniform scale (to correct for intensity drift) and then quantified via the raw intensity values as well as via texture features derived from T2w MRI. In order to quantify imaging changes as a result of LITT, absolute differences were calculated between the normalized pre-and post-LITT MRI parameters. Quantitatively combining the ADC and T2w MRI parameters enabled construction of an integrated MP-MRI difference map that was highly indicative of changes specific to the LITT ablation zone. Preliminary quantitative comparison of the changes in different MR parameters indicated that T2w texture may be highly sensitive as well as specific in identifying changes within the ablation zone pre-and post-LITT. Visual evaluation of the differences in T2w texture features pre-and post-LITT also appeared to provide an indication of LITT-related effects such as edema. Our preliminary results thus indicate great potential for non-invasive MP-MRI imaging markers for determining focal treatment related changes, and hence long-and short-term patient outcome.
INTRODUCTION
Prostate cancer (CaP) is the most frequent malignancy diagnosed in men 50 years and older in industrialized countries.
1 Recent improvements in localization and detection protocols has led to an increase in the number of prostate cancers found; a growing fraction of which are small foci (of potentially low-grade) CaP being diagnosed in healthy young men. However, the lifetime risk of mortality due to CaP is estimated to be less than 10%, for signs of metastasis, most patients prefer to undergo some form of radical treatment (prostatectomy, radiation treatment) despite significant morbidity (urinary, sexual dysfunction).
1
Recent studies have observed that CaP occurs both unifocally and multi-focally within the prostate. This has led to the definition of the index lesion as the largest focus of CaP as measured by volume, within the prostate. 3 Most secondary (non-index) tumors have exhibited relatively small volumes and have rarely had a higher Gleason score than the index lesion; both of which make them unlikely to affect overall disease progression. 4 Thus, biologically speaking, most patients can be considered to have unifocal disease (i.e. the index lesion), by targeting which one can dramatically decrease total tumor volume and eliminate the most likely source of metastasis. 5 A viable solution to this lies in focal therapy strategies which additionally reduce overtreatment of CaP in the general population, while allowing patients to have their disease treated once diagnosed.
Different focal therapy strategies are being explored for current clinical use including laser interstitial thermal therapy (LITT), high intensity focused ultrasound (HIFU), cryotherapy, and photo-dynamic therapy (PDT). Both HIFU and LITT involve thermal destruction of tissue by either using tightly focused ultrasound energy delivered via a transrectal probe (HIFU) or via the Nd-YAG laser delivered by an interstitial fiber (LITT). Depending on the amount of heat energy delivered and depth of penetration, the temperature is raised in the tissue where rapid coagulative necrosis and instant cell death occur above 60
• C. Cryotherapy utilizes a transperineal probe to lower the temperature within the tissue causing cell membrane disruption, necrosis, and vascular thrombosis. PDT utilizes an administered photosensitizer that accumulates in target tissue and is activated by light to generate active radicals that are toxic to the tissue. Of these, LITT has emerged as the most promising solution for a number of different diseases 6 due to (1) lack of precision for cryotherapy for focal ablation with minimal disruption of normal function, 4 (2) experimental nature of PDT leading to significant side-effects and adjuvent hormonal therapy, 7 and (3) typical whole-gland ablation procedure of HIFU due to difficulty targeting specific areas within the prostate using ultrasound.
8
One of the major advantages enjoyed by LITT is its compatibility with magnetic resonance imaging (MRI), allowing for high resolution in vivo imaging to be used in LITT procedures. 9 LITT is uniquely suited for use and direct integration with MRI due to (1) use of quartz fibers which do not cause any disturbance during imaging, and (2) non-electromagnetic energy being used for LITT. In comparison, alternative focal therapy solutions (cryotherapy, HIFU) require modifications to underlying technology to prevent electromagnetic disturbance or require the MR scanning to be stopped in order to perform treatment. MRI is also capable of monitoring temperature change in the tissue, which enables real-time monitoring of LITT. Further, multi-parametric MRI (MP-MRI) offers the ability to accurately denote the specific location of biopsy-proven CaP within the gland, 1 which is very important for accurately delineating ablation zones within the prostate as well as for accurate guidance of the laser fiber during treatment. The prostate is well-suited for this form of treatment due to an optimal heat conduction rate (optical absorption) as well as low vasculature (which can limit the ablation size).
1
Recent clinical studies examining the technical feasibility of LITT for focal treatment of CaP have reported negligible post-operative morbidity.
1 However, there is very little work describing the specific in vivo imaging characteristics of LITT-induced changes in the prostate. This implies a need for better co-registration and image analysis methods for quantitatively comparing pre-and post-LITT MP-MRI, in order to identify voxel-by-voxel changes in MP-MRI markers that can in turn describe LITT-related changes within the prostate. Further, MP-MRI markers need to be quantitatively evaluated for their sensitivity to changes in the prostate following LITT. Examining quantitative changes to these imaging markers as a function of time may also later be correlated with long-term disease and patient prognosis.
PREVIOUS RELATED WORK AND OBJECTIVES OF THE CURRENT WORK
The effects of radiation treatment (RT) in the prostate have been qualitatively examined in a number of studies. [10] [11] [12] [13] [14] Comparison of the pre-and post-RT MP-MR imaging acquisitions have shown that successful RT of CaP on MRI is characterized by uniform T2-weighted (T2w) signal intensity without focal abnormalities, while locally recurrent CaP is characterized by hypo-intense regions of smooth texture.
11 Similarly, post-RT diffusion-weighted imaging (DWI) shows an overall increase in ADC values within the entire prostate when CaP is successfully treated. Unchanged or decreased ADC values correspond to locally recurrent CaP. 10 Our group 15, 16 has leveraged these qualitative characteristics within novel quantitative schemes for per-voxel evaluation and MP-MRI signature construction to differentiate between possible RT outcomes (success, unsuccessful, recurrence). This was done by calculating absolute differences between different MP-MRI parameters; these differences were found to be highly indicative of RT-related changes and treatment effects within the prostate. More significantly, as different MP-MRI parameters quantify different types of treatment-related information, the combination of MP-MRI imaging markers was found to outperform any individual marker for detecting RT-related changes within the prostate.
In organs such as the liver, the extent of tissue necrosis due to LITT has been shown to be visible on MRI.
17
In a recent Phase I LITT trial involving CaP patients, good correlation was found between volumes of thermal damage that were visible on MRI and those determined via staining of ex vivo surgical prostatectomy specimens from patients who had previously undergone LITT. 18 Rosenkrantz et al 9 have described some of the primary imaging characteristics at the 6-month follow-up mark after most types of focal therapy (though this study was not limited to LITT). The most significant of these was a decrease in the prostate volume (leading to loss of differentiation between prostatic zones), as well as poor visualization of the capsule. To our knowledge, the relative importance and utility of different MP-MRI protocols in determining post-LITT effects has not been explored in detail. For example, structural T2w MRI is considered to be of limited utility to evaluate focal therapy effects due to presence of multifocal hypointensities that appear due to prostatic parenchyma.
9 By contrast, dynamic contrast enhanced MRI (DCE MRI) may be highly sensitive (but not necessarily specific) for detecting CaP recurrence around any focal ablation zone. However, areas of benign hypertrophy may show hypervascularity which can limit the specificity of DCE MRI (hypertrophy seen as false positive enhancement).
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Diffusion weighted imaging (DWI) may augment specificity of detecting recurrent tumors, but has not been explored in great detail. These largely qualitative observations of LITT-related changes on prostate MP-MRI are likely highly prone to observer error, hence, the use of quantitative image analysis tools may help interpret prostate MP-MRI in a consistent, reproducible fashion, 19 and possibly improve our understanding of LITTrelated changes on MP-MRI.
In this work, we present the first attempt at quantitative image analysis of high-resolution (per-voxel) evaluation of treatment-related changes in vivo in patients who have undergone LITT, using MP-MRI. We believe that a quantitative approach to evaluation of treatment-related changes between pre-and post-LITT MP-MRI may also allow for the building of a novel imaging-based prognostic indicators of patient treatment response. We utilize a retrospective cohort of MP-MRI data that comprises both pre-and post-LITT acquisitions, including T2-weighted (T2w) and diffusion-weighted (DWI) protocols was considered, where an Apparent Diffusion Coefficient (ADC) map is calculated from DWI MRI. A spatially constrained affine registration scheme 16, 20 will be used to first bring the T2w and ADC images into alignment within each of the pre-and post-LITT acquisitions, following which the pre-and post-LITT acquisitions will be aligned. Pre-and post-LITT MR parameters (T2w intensity, ADC value) will then be standardized to correct for intensity drift between acquisitions, 20 following which they will be quantified in terms of the raw intensity values as well as via texture features derived from T2w MRI. 19, 21 In order to quantify imaging changes as a result of LITT, absolute differences will be calculated between the normalized pre-and post-LITT MRI parameters. This will enable quantitative comparision of sensitivity and specificity of different MP-MRI parameters in detecting changes within the ablation zone as a result of LITT, as well as examine the performance of integrating MP-MRI parameters to construct a combined quantitative signature of LITT-related effects within the prostate. A deeper understanding of imaging-related changes due to LITT can also enable comparisons between radical (e.g. radiation treatment) and focal (e.g. LITT) therapy options for CaP. The remainder of this paper is organized as follows. Section 3 illustrates the experimental design, while Section 4 summarizes the experimental results and associated discussion. Finally, Section 5 presents our concluding remarks.
EXPERIMENTAL DESIGN

Data Description
A cohort of 5 patient studies were obtained from the New Jersey Institute of Radiology. Prior to initial MR imaging, all patients had been confirmed to have organ localized prostate cancer with Gleason scores between 6 and 7 (based on core-needle biopsies, no single core had > 50% involvement). Final treatment outcome for all 5 patients was determined as successful with no local recurrence or residual CaP seen on follow-up (during the post-LITT MP-MRI exam), as well as low PSA. Annotations of the ablation zone (CaP) as well as benign regions (normal) on the pre-LITT T2w MRI were obtained via an expert radiologist who delineated the ablation zone (AZ) by considering the MR image appearance of the AZ and the location of the needle during treatment. Care was taken to ensure that the CaP and normal regions were separated out as best possible based off visual observation of the AZ.
Pre-and post-LITT MP-MRI acquisition
For each patient, pre-and post-LITT MP-MRI scans included T2w and DWI protocols. All studies were performed using a Siemens Symphony 1.5 Tesla MRI machine together with a whole-body coil for excitation, as well as the current Medrad inflatable endorectal coil in conjunction with a pelvic phase array coil for signal reception.
T2w imaging comprised thin-section high-resolution oblique, axial, and coronal fast spin-echo images of the prostate and seminal vesicles. Imaging parameters were TR/TE = 4000-6000/90-120 msec, echo train length = 8-16, slice thickness = 3 mm, interslice gap 0 mm, matrix size of 256 × 192, with 3 excitation and field of view of 14 cm. ADC maps were calculated from a set of oblique axial DTI-EPI images with 6 diffusion gradient directions with a FOV of 24 cm, 256 × 128 matrix, 4mm thick slices (8-10 slices typically cover the prostate), and b-values of 0 and 600.
Each patient underwent an MRI-guided LITT procedure using Visualase Thermal Therapy System (Visualase Inc, Houston, TX) between 1 and 4 months after the initial MP-MRI acquisition. This system comprises a surgical diode laser, a fiber-optic laser applicator with diffusing tip and a coaxial cooling catheter, a cooling circulation pump, and a computer workstation for processing and display of MR images. During LITT, laser applicator placement was performed using the Invivo DynaTRIM transrectal biopsy guidance system (Invivo, Pewaukee, WI). The post-LITT MP-MRI (T2w, DWI) scan was acquired for each patient between 3 and 4 months after the LITT procedure.
Notation
We define C is required in order to compare MR parameters before and after LITT, on a per-voxel basis. Post-to pre-LITT registration is performed using the T2w protocol as it helps to visualize internal prostatic structures with excellent resolution, enabling accurate image registration.
Post-to pre-LITT registration is accomplished using a spatially constrained normalized mutual information (NMI) similarity measure. 22 The original MR volume is cropped to contain the prostate alone, and NMI is calculated within this area in order to drive the registration. NMI was chosen to drive the registration procedure due to its robustness to non-linear intensity relationships. 22 This measure is used to drive a 3D affine transformation of C post t2w onto C pre t2w with 12 degrees of freedom, encoding for image rotation, translation, shearing, and scale. This transformation is able to account for the major changes to the prostate region as a result of LITT, 9 including acquisition-based differences, patient movement, and changes to the prostate appearance. As a result of registration, the aligned post-LITT T2w MRI scene is obtained as,
via the 3D affine transformation T pp (transforming post-LITT T2w MRI to pre-LITT T2w MRI). Figure 1 
Inter-protocol alignment of T2w, DWI MRI
Within each MR acquisition, the ADC map must be brought into spatial alignment with the corresponding T2w MR scene (e.g. C pre adc to C pre t2w ), to correct for voxel size and resolution differences as well as artifacts due to calculation of the ADC map from the original DWI MRI. This registration enables the building of a combined multi-parametric MR signature which integrates both T2w and DWI information to uniquely quantify changes to the prostate as a result of LITT. This is done via volumetric affine registration driven by a spatially constrained NMI measure, as described in Section 3.4, to yield
via the 3D affine transformation T pre (transforming pre-LITT ADC to pre-LITT T2w MRI).
The post-LITT ADC map involves a two-step registration process where it is first brought into alignment with C post t2w , followed by a second transformation to bring it into alignment with C pre t2w , i.e.
where T post transforms post-LITT ADC to post-LITT T2w MRI, followed by T pp to align it to the pre-LITT T2w MRI. All MRI data is thus transformed into the pre-LITT T2w MRI co-ordinate frame C and field of view (FOV, 512 × 512 voxels). . The contiguity of structures corresponding to prostatic zones, zonal boundaries, and nodules within the prostate capsule (red outline) suggest a successful registration accounting for voxel size and resolution differences between the 2 protocols.
Pre-processing of pre-and post-LITT MP-MRI
The MR acquisitions pre-and post-LITT were not found to suffer from MR bias field intensity inhomogeneity 23 but did suffer from intensity drift and non-standardness. 20 MR intensity non-standardness implies that grayscale intensities do not have a fixed tissue-specific meaning within the same imaging protocol, the same body region, or even within the same patient. 20 When the histograms for C pre t2 (red) and C post t2
(blue) are plotted together ( Figure  1(c) ), it is clear they have different intensity ranges and are not in alignment. In order to quantitatively compare the changes in MR parameters between pre-and post-LITT acquitions, the Nyul and Udupa algorithm 24 was implemented to automatically identify corresponding landmarks on each of the histograms, and non-linearly map them to one other. As a result of intensity standardization, the histograms are aligned (Figure1(d) ) and the MR parameters can be directly compared. Intensity standardization was performed for corresponding pairs of protocols (C 
Quantification of MP-MRI via texture features
In addition to utilizing the raw T2w (f pre t2w , f post t2w ) and ADC (f pre adc , f post adc ) intensity value as a parametric representation of MP-MRI information, texture features have been widely shown to be highly effective in characterizing the prostate appearance in order to differentiate between regions within the prostate.
19, 25
A total of 28 texture features previously shown to improve differentiation between CaP and benign regions 19, 21 were extracted from each of C . These operators allow for detection of the strength of horizontal, vertical, and diagonal edges within the image using linear kernels. The reader is directed to [19, 21] for a more detailed description of the individual texture features. Feature extraction results in feature scenes F κ ϕ = (C, f κ ϕ ), where f κ ϕ (c) is the feature value at location c ∈ C when feature operator ϕ is applied to scene C κ t2w , κ ∈ {pre, post}. For ease of notation, the raw T2w intensity value and ADC value are included in this set of feature scenes, i.e. ϕ can correspond to {t2w, adc} in addition to the T2w texture features that are then subsequently extracted.
Quantifying LITT-related changes in individual MP-MRI parameters
For each MR parameter considered, the range of values are normalized to have a mean of 0 and a mean absolute deviation of 1. This ensures that the different parameter values lie in a comparable range of values when quantifying differences in pre-and post-LITT MP-MRI.
Two statistics within the annotated regions A(C) and N (C) specifically were calculated This is done to ensure that false positives such as edema are not taken into account when observing changes within the CaP region due to LITT.
The actual change in the MP-MRI parameter values as a result of LITT is calculated as the mean MP-MRI normalized parameter value within each of A(C) and N (C) for κ ∈ {pre, post} respectively, and for each feature ϕ,
The absolute percentage change within each of A(C) and N (C) with respect to the pre-LITT MP-MRI parameter values allows for determination of how sensitive or specific each MP-MRI parameter truly is to demonstrating large changes within A(C) and small changes within N (C). This is quantified as,
Weighted difference map of MP-MRI markers
The L 1 norm difference between the normalized pre-and post-LITT MP-MRI feature values is then calculated as
for every voxel c ∈ C. D t2w is thus the 3D T2w intensity difference scene while D adc is the ADC value difference scene. Similarly difference scenes can be defined for all the other feature scenes described in Section 3.7. A weighted MP-MRI difference map based on the raw parameter values is constructed as,
where α t2w + α adc = 1, 0 ≤ α t2w ≤ 1, 0 ≤ α adc ≤ 1. α t2w , α adc were obtained via a grid search strategy where each weight was varied between 0 and 1 in steps of 0.1, and the corresponding difference map was evaluated for sensitivity and specificity with respect to the annotated A(C) and N (C). The scene demonstrating the best correspondence was retained to construct D int .
Difference scenes can be visualized within the prostate ROI while utilizing a colormap, such that blue corresponds to small difference values and red corresponds to areas of high differences. It may be expected that regions within A(C) will show large differences between pre-and post-LITT MP-MRI parameters i.e. significant change due to treatment, while regions denoted by N (C) show little to no change due to treatment. Note that this observation cannot be generalized to the entire prostate, as effects such as edema among other reactions to treatment may also cause changes to the MP-MRI parameters. Figures 2(a) and (e), the integrated 3D weighted MP-MRI difference scenes (Figures 2(d) and (h) ) are seen to demonstrate distinct change (reddish orange) that is highly specific to the successfully treated CaP region. By comparison the individual protocol difference maps are not consistently as specific in visualizing distinct change, as seen in the false positive regions in Figures 2(c) and (f). Figure 3 illustrates the qualitative change in different MP-MRI parameters within A(C) (red) and N (C) (green). It is clear that the original T2w MRI (Figures 3(a) and (d) ) do not show a distinct change within the CaP region, but the benign region has a consistent appearance. This is likely because diffuse T2w appearance is commonly observed after most types of treatment, 9, 11 causing confounders between the appearance of CaP and successfully treated CaP regions. The original ADC maps (Figures 3(b) and (e)) show a distinct brightening within the CaP region, but an inconsistent response within the benign region. The visualized ADC change within the CaP region may be explained by the fact that loss of cell membrane integrity (early process of cell death) and necrosis cause an increase in water mobility, 29 which would result in an increase in the ADC value in that region.
Visualizing imaging changes due to LITT on MP-MRI
The T2w texture feature (Haralick energy), selected as it demonstrated the largest change within A(C) and the smallest change within N (C), can be seen to: (1) demonstrate a similar response pre-and post-LITT within N (C) (green outline, low change), (2) different responses pre-and post-LITT within A(C) (red outline, high change), as well as (3) visualize reaction by the tissue to the LITT procedure as a distinct (over-expression) response that is localized around the AZ. Haralick energy attempts to quantify how heterogeneous the tissue appearance is and hence how smooth the variation in intensity values are. We have previously shown that such features demonstrate a response specific to peripheral zone tumors, 19 which would explain why this feature demonstrates a distinct change after successful LITT ablation (due to absence of tumor post-LITT). Additionally, there appears to be a non-smooth variation in T2w intensities that is visually indiscernible in Figures 3(a) , (d) but has been expressed by this feature, which we believe may imply the presence of edema or a similar LITT-related change which may be expected to occur as a result of ablation. Table 4 (a) is visualized as a bar graph in Figure 4 (b) (averaged over all 5 datasets). These quantitative measures appear to reflect the qualitative observations in Figure 3 . While the ADC value shows the largest percent change between pre-and post-LITT acquisitions, this change is seen in both cancerous and normal regions, implying that it is sensitive but not specific. By comparison, the T2w intensity value shows the lowest percent change between pre-and post-LITT MP-MRI acquisitions, demonstrating a marginally improved specificity over the ADC value. However, T2w texture appears to provide an excellent trade-off between sensitivity and specificity, exhibiting a distinct change within cancerous regions and a lower change within benign regions. 
CONCLUDING REMARKS
Laser interstitial thermal therapy (LITT) is a highly promising focal strategy for low-grade, organ-confined prostate cancer, further enhanced by its ease of integration with high resolution MP-MR imaging. In order for LITT to gain popularity as a treatment strategy, it is important to be able to qualify and quantify LITT treatment success in comparison to more popular, albeit morbid, radical treatment options (e.g. radiation therapy). In this work, we have presented preliminary results of evaluating treatment-related changes in vivo after LITT in the case of prostate cancer patients. Our initial results based on 5 patient studies indicate that ADC value T2w intensity T2w Haralick energy the integration of T2w and ADC may yield a difference signature that both accurately models treatment-related changes post-LITT, as well as outperforms the individal T2w and ADC parameters in this regard. ADC maps demonstrated highly sensitive, albeit non-specific, response to LITT-related changes in vivo, due to the significant change in water permeability in tissue as a result of treatment. By comparison, T2w MRI was inconsistent in demonstrating LITT-related change, possibly due to diffuse T2w appearance post-therapy. Additionally, T2w texture was found to be both sensitive and specific to visualizing and quantifying (a) effects of successfully ablating the CaP regions as well as (b) providing an indication of additional treatment related changes such as edema. This may be because these features quantify visually indiscernible heterogeneous appearance of tissue as well as demonstrating both highly sensitive and specific responses to each of benign and cancerous regions. Future work will involve validation of our findings on a larger cohort of data as well as validation of the MP-MRI imaging markers in being prognostic of long-term patient outcome.
